HisakiとALMAによる火山活動に伴うイオのSO2大気と中性酸素トーラスの空間・時間変動の観測 by Koga ryoichi
Hisaki and ALMA observations of spatial and
time variations of Io's SO2 atmosphere and







（別紙様式５）                                       
論 文 内 容 要 旨 
(NO．1) 
氏  名 古賀 亮一 提出年 令和  1 年 
学位論文の 
題   目 
Hisaki and ALMA observations of spatial and time variations of 
Io’s SO2 atmosphere and neutral oxygen torus associated with 
volcanic activities 




論 文 目 次 
 
Acknowledgements .................................................................................................................. iii 
Abstract ...................................................................................................................................... v 
Contents .................................................................................................................................... ix 
Chapter 1  Introduction ............................................................................................................ 1 
1.1 Source and escape processes of Io’s atmosphere ......................................................... 1 
1.2 Io’s atmosphere ............................................................................................................ 3 
1.2.1 Volcanism and surface composition ...................................................................... 3 
1.2.2 Horizontal distribution of SO2 atmosphere .......................................................... 6 
1.2.3 Vertical distribution of SO2 atmosphere ............................................................... 7 
1.2.4 Observations of Minor components ...................................................................... 8 
1.2.5 Eclipse observations ............................................................................................ 10 
1.3 Observations of neutral sodium originated from Io ................................................... 11 
1.3.1 Io’s sodium corona .............................................................................................. 11 
1.3.2 Extended sodium neutral cloud ........................................................................... 12 
1.3.3 Sodium nebula..................................................................................................... 14 
1.4 Neutral oxygen corona and cloud .............................................................................. 16 
1.4.1 Observations of neutral oxygen emission ........................................................... 16 
1.4.2 Neutral cloud model ............................................................................................ 19 
1.5  Time variability of neutral and plasma torus ............................................................. 23 
1.5.1  Observations before Hisaki era ........................................................................... 23 
1.5.2 Observations during Hisaki era (2013-) .............................................................. 24 
1.5.3 Lifetime and radial transport timescale of O+ ..................................................... 26 
1.6 Purpose of this study .................................................................................................. 28 
Chapter 2  Instruments ........................................................................................................... 29 
2.1 Hisaki/EXCEED ........................................................................................................ 29 
2.1.1 General information ............................................................................................ 29 
（別紙様式５）                                       
2.1.2 Geo-corona .......................................................................................................... 32 
2.1.3 Field of view in 2014-2015 ................................................................................. 33 
2.2 Sodium nebula observation ........................................................................................ 36 
2.3 ALMA ........................................................................................................................ 39 
Chapter 3  ALMA observation of Io’s SO2 atmosphere ........................................................ 41 
3.1 Observation and data analysis .................................................................................... 41 
3.2 Results ........................................................................................................................ 43 
3.2.1 Synthesized integrated intensity maps ................................................................ 43 
3.2.2 Velocity distribution in each region .................................................................... 47 
3.2.3 Composite Gaussian model in Region 1 ............................................................. 54 
3.3 Discussion .................................................................................................................. 58 
3.3.1 Population diagram ............................................................................................. 58 
3.3.2 Hisaki and ground-based observations in the same period ................................. 62 
3.4 Summary .................................................................................................................... 64 
Chapter 4  Io’s neutral oxygen cloud ..................................................................................... 65 
4.1 Data analysis .............................................................................................................. 65 
4.1.1 Contamination of foreground emissions ............................................................. 65 
4.1.2 Oxygen corona and neutral cloud around Io ....................................................... 66 
4.1.3 Neutral oxygen cloud around Io’s orbit .............................................................. 68 
4.2 Equilibrium distribution of neutral oxygen cloud ...................................................... 70 
4.2.1 Result 1 - Azimuthal distribution ........................................................................ 70 
4.2.2 Result 2 – Radial distribution.............................................................................. 72 
4.2.3 Radial profile of oxygen number density ............................................................ 74 
4.2.4 Discussion ........................................................................................................... 77 
4.3 Time variations of O around Io .................................................................................. 79 
4.3.1 Results ................................................................................................................. 79 
4.3.2 O number density around Io ................................................................................ 82 
4.3.3 Discussion ........................................................................................................... 85 
4.4 Evolution of spatial distribution of the neutral oxygen cloud .................................... 87 
4.4.1 Overview of the observation ............................................................................... 87 
4.4.2 Evolution of the radial distribution ..................................................................... 88 
4.4.3 Evolution of the azimuthal distribution .............................................................. 93 
4.4.4 Discussion ........................................................................................................... 96 
4.5 Summary .................................................................................................................... 97 
Chapter 5  Source and loss processes of Io plasma torus ....................................................... 99 
5.1 Dawn-dusk asymmetry of OI ..................................................................................... 99 
5.2 Oxygen ion source rate ............................................................................................ 103 
5.3 Estimating the O+ lifetime ........................................................................................ 107 
5.3.1 Hisaki observation results ................................................................................. 107 
（別紙様式５）                                       
5.3.2 Discussion ......................................................................................................... 110 
5.4 Summary .................................................................................................................. 111 
Chapter 6  Conclusions and future work .............................................................................. 113 
6.1 Conclusions .............................................................................................................. 113 
6.2 Future work .............................................................................................................. 116 
Reference ............................................................................................................................... 119 
 
（別紙様式５）                                       
Abstract 
 
Io is the most volcanically active body in the solar system which is the important target to understand the 
processes from the generation of gasses from geologically active bodies to the escape of the gasses into 
space. 
 There are many studies about material transport and energy coupling processes in different areas 
from the Io’s surface to the orbit (surface, atmosphere, neutral cloud and Io plasma torus (IPT)). Previous 
studies showed the temporal variations of Io’s atmosphere. For example, the increase of S+ in the torus 
simultaneously occurred with the increase of neutral sodium nebula during volcanically active period. 
Observation of spatial distribution of Io’s atmosphere (main component is SO2), and neutral cloud (main 
component is oxygen atom) is important to understand the escape process of neutrals from Io, as well as the 
source and loss processes of IPT. However, such spatial distributions were poorly observed so far. To clarify 
these issues, it is useful to perform ground-based millimeter/submillimeter observation with a high spatial 
resolution of the SO2 atmosphere distribution on Io’s disk, and to monitor the UV OI 130.4 nm emission 
around Io’s orbit. 
 ALMA (Atacama Large Millimeter /Submillimeter Array) can resolve the Io’s disk (beam size is 
~0.3”) and observes several SO2 lines very precisely. The extreme ultraviolet spectrograph called EXCEED 
installed on the Hisaki satellite continuously observes the spatial distribution and variations Io plasma torus 
in the wavelength of 55-145 nm, and faint atomic oxygen emission at 130.4 nm since the launch in 2013. 
These ALMA and Hisaki observations give us unique opportunities to examine the precise time and spatial 
variations in the Io’s atmosphere and plasma torus.  
Purpose of this study is listed as follows.  
 To reveal the spatial distribution and temperature variability in the Io’s atmosphere and find effects of 
volcanism to generate the Io’s atmosphere.  
 To clarify the spatial distribution and time variations of Io’s neutral oxygen cloud, and discuss the 
source and loss processes of oxygen ion in the torus. 
 To understand the response of IPT to volcanic activity. 
 We examined the change of spatial distribution of SO2 atmosphere before and after Jupiter ingress 
of Io using the ALMA archive data obtained on 20 March 2018. We found the presumed volcanically active 
areas in the east side and northern high latitude region, and in the west side near the equator. In the former 
area, two components with high and low velocities are clearly identified in the velocity distribution. The 
result suggests the significant volcanic plume would generate complex atmospheric dynamics with high and 
low velocity motions. In the later area, the rotational temperature of SO2 is 311±41 K after ingress, much 
higher than temperature of sublimation atmosphere (~100-200 K). The temperature might reflect the gas 
emitted form volcanoes or heated by a hot lava lake. The observation also showed the dayside atmosphere 
consists of multiple gases with different temperatures. This suggests that the atmosphere has different 
sources of volcanism and sublimation, and/or a non-uniform vertical temperature profile. The enhancements 
of the sodium nebula and IPT on the dusk side are observed by the ground-based telescope and Hisaki during 
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this period. The simultaneous enhancement of sodium nebula and IPT would potentially be caused by 
volcanic plumes that increase the height of exobase, and gain the atmospheric sputtering. 
 From the Hisaki data obtained from November to December 2014 during volcanically quiet 
conditions (hereafter, referred to as the normal density period), we estimated the azimuthal distribution of 
neutral oxygen cloud. We found a dense region of neutral oxygen near Io (called “banana cloud”), as well as 
a longitudinally uniform diffuse region along the Io’s orbit. The radial distribution showed the neutral 
oxygen cloud spreads out to 7.6 Jupiter radii (RJ), where the brightness drops below ~1 R. We also found the 
dawn-dusk asymmetry of oxygen emission from 5 to 6 RJ, and that the emission on the dusk side emission 
was larger than that the dawn side.  
 The enhancement of OI brightness started around day of year 20 in 2015, and continued for 3 
months (hereafter, referred to as the high density period). The radial distribution of oxygen cloud showed the 
outward expansion up to 8-8.6 RJ during the period from January to March of 2015, and recovered by April. 
Assuming the north-south thickness of oxygen cloud is 1.2 RJ, we estimated the number density of oxygen 
cloud in the Io’s orbit to be  cm-3 during the high density period. This is three times larger than that 
during the normal density period (  cm-3). Concerning the longitudinal distribution of OI emission 
during the high density period, we suggest that the neutral oxygen cloud is composed of the banana cloud 
and diffuse region along Io’s orbit, similar to that during the normal density period. However, it is clear that 
the total amount of the neutral increased during the high density period, and the distribution width along the 
orbit may be enlarged. We also found that the neutral escape rate from Io significantly increased during the 
high density period.  
 We estimated the oxygen plasma source rate as 410 kg/s from the radial distribution by using the 
plasma parameters derived from Hisaki and Voyager observations. Out of 410 kg/s, electron impact and 
charge exchange cause 100 kg/s and 310 kg/s of ionization of oxygen atom, respectively. From the variations 
of OII 83.4 nm and OI 130.4 nm emissions from November 2014 to May 2015, we calculated the lifetimes of 
O+ to be 40.5 days in the normal density period and to be 20.5 days in the high density period. The main loss 
process of O+ is outward radial transport. The result suggests that the increases of neutrals and ions produce 









の項目の解明を目的とし、紫外宇宙望遠鏡 Hisaki と、電波干渉計 ALMA により取得された最新デ
ータの解析を実施した。〔1〕イオ大気の空間分布と温度変動を調べ、イオ大気生成に及ぼす火山
活動の影響を明らかにすること、〔2〕イオ中性酸素雲の空間・時間変動を捉え、IPT の酸素イオ
ン発生と損失過程を解明すること、〔3〕火山活動と IPT の関係を明らかにすること。 
 2018 年 3 月 20 日の ALMA アーカイブデータ解析から、イオ表面の北東側高緯度域と西側域の 2
箇所でスポット状の火山活動を見いだした。特に前者の領域では、高速と低速の 2 つの速度分布
成分の存在を明らかにした。これは、火山噴煙が高速成分と低速成分からなる複雑な運動であっ
たことを示唆する。また SO2 ガスの回転温度は、昇華温度（〜100-200 K）よりも高い 311±41 K
であった。この事実は、ガスが熱い溶岩湖から放出されたことを示唆する。 




加えて、2015 年 1-3 月の Hisaki 観測から、イオ火山活発時の現象を定量的に解析した。中性
酸素雲の南北方向の厚さを 1.2 RJ と仮定すると、イオ軌道上の酸素数密度は 91 +29/-25 cm-3 と
推定された。これは、 火山静穏時の数密度 27 +8/-7 cm-3 の 3 倍である。また、この火山活発時
に、イオからの中性大気散逸率が大幅に増加することがわかった。 
さらに、Hisaki および Voyager 探査機の観測から得られた木星磁気圏プラズマパラメータを用
いて、イオ起源酸素プラズマの木星赤道面上動径分布を見積もり、これから酸素プラズマ生成レ
ートを 410 kg/s と見積もった。このうち、電子衝突と電荷交換によりそれぞれ 100 kg/s と 310 
kg/ｓの酸素原子イオン化が引き起こされることが分かった。また、2014 年 11 月-2015 年 5 月の
変動観測から、酸素原子イオンの寿命は、火山静穏時で 40.5 日、火山活発時で 20.5 日と見積も
られた。酸素原子イオンの損失は主に外側への動径方向輸送によると考えられるため、本研究の
結果は、イオ火山活発時にはより速い外向き輸送が起きることを示唆する。 
この研究は、従来観測が難しかったイオの火山噴火起源の大気が木星磁気圏に散逸するプロセス
について新たな知見をもたらすとともに、また将来の木星や土星の衛星大気の研究や探査にも示
唆を与えるものである。また、査読付き論文も３件の成果が出ている。以上から、古賀亮一は自
立して研究活動を行うに必要な高度の研究能力と学識を有することを示している。したがって，
古賀亮一提出の博士論文は，博士（理学）の学位論文として合格と認める。 
 
